Abstract Citrus tristeza virus (CTV) is endemic throughout the citrus production areas of South Africa and mild-strain cross-protection is employed to combat the negative effects of severe-strain infections. The country is among the world's leading producers of grapefruit, however cross-protected trees often display severe stem grooving, regardless of the rootstock. Previously, cross-protection sources were evaluated empirically, through graft inoculations onto indicator hosts. Recent research has shown that cross-protection, possibly mediated by super-infection exclusion, is strain-specific. This, coupled with the varying affinities that cultivars display for different CTV strains, has shown the need to determine which CTV strains are associated with specific commercial cultivars. In this study, thirtysix Citrus paradisi (Macfad.) cv. BMarsh^plants were sampled in the South African grapefruit production areas of Malelane and Pongola. CTV populations from these samples were analysed through the amplification of the p33 gene and subsequent direct Sanger sequencing. A subset of 12 of these amplicons was selected for deep Illumina MiSeq sequencing. The resulting data showed high intra-and inter-orchard diversity of CTV, with populations showing similar genotype compositions to those found in recent studies on the BStar Ruby^cultivar. Populations were composed of a clearly dominant component, in most cases RB or Kpg3/SP/T3-like sequences, with at least two minor sequence types. AT-1-like and VT-like sequences were found to be dominant in only four and one of the analysed populations respectively. HA16-5, Taiwan-Pum/M/T5, T30 and B165 were present as intermittent minor components (less than 10% of mapped reads) across the populations.
, cross-protection has become a viable method of reducing the negative effects of CTV (Moreno et al. 2008) . The CTV grapefruit mild-strain (GFMS) 12 population was initially employed in South Africa as the cross-protecting selection for grapefruit cultivars but replaced from 1998 by the GFMS 35 population (Luttig et al. 2002) . Such candidate cross-protecting sources have usually been evaluated empirically , through biological indexing trials (Moreno et al. 2008) . However, since superinfection-exclusion has been proposed as the underlying mechanism of cross protection, and is known to be strain-specific, identifying the strain composition of cross-protecting sources, as well as populations present in the field will allow for the improvement of cross-protection as a method for CTV control (Folimonova 2012) .
The diversity of CTV populations associated with the BStar Ruby^cultivar has been extensively studied in Southern Africa (Scott et al. 2012; Read and Pietersen 2015; Read and Pietersen 2016) but little is known regarding other cultivars. In the current study, the approach reported by Read and Pietersen (2016) is used to evaluate the CTV strain composition of 36 BMarsht rees from two sites each of the Malelane and Pongola grapefruit production areas, in South Africa.
Leaf midribs were utilised, and total RNA was extracted, reverse transcriptase PCR directed at the p33 gene, amplicon clean-up, direct Sanger sequencing and Illumina sequencing on a subset of 12 samples, data processing and analyses were all done as described by Read and Pietersen (2016) .
Results of direct Sanger sequences of 35 samples are listed in Table 1 , along with the sample collection site and the year of planting. The CTV genotype identity was derived following multiple alignment along with known CTV genotype references (Read and Pietersen 2016) . The majority of sequences associated with CTV populations from Malelane, Site B, grouped within the Kpg3/SP/T3 group with only a single sequence associated with RB. Sequences derived from Malelane, site A appeared to have more heterogeneous populations with four sequences grouping within the Kpg3/SP/T3 group, three grouping with within the AT-1 group and a two sequences with RB. The majority of the direct sequences associated with the CTV populations from the two collection sites in Pongola grouped within the RB group, with only single sequence associated with each of the following genotypes: Kpg3/SP/T3, AT-1 and VT.
A total of 11 160,243 illumina sequence reads mapped to the CTV reference sequences after the CLC Genomics reference mapping. Data relating to number of reads mapping to CTV references for each sample, as well as percentages of reads mapping to references within the nine clades defined by Read and Pietersen (2016) , are listed in Table 2 . All Illumina MiSeq datasets were associated with a corresponding direct Sanger sequence. The dominant CTV genotype within each Illumina MiSeq dataset corresponded with the consensus genotype sequence of the direct Sanger sequence in all cases.
The most prevalent genotypes among the Illumina MiSeq datasets was RB and Kpg3/SP/T3, both being present in ten of twelve analysed populations. RB was present at higher levels than Kpg3/SP/T3, with maximum percentages of 99% and 86.4% respectively. HA16-5-like sequences were present in nine of the twelve analysed populations, however as a minor component with a maximum percentage of total mapped reads of 10%. VT and AT-1 were minor components in the majority of the populations, except for one population from Pongola, in which VT was dominant (86.2% of mapped reads) and two populations dominant for AT-1, one from Malelane and one from Pongola, at 56.6% and 81.2% respectively. Taiwan-Pum/M/T5, T30 and B165 were all represented as minor sequence types (rarely exceeding 1% of total mapped reads) in less than half of the populations. Reads mapping to T36 and A18 references were absent from the datasets.
The current study represents a significant extension of the study of Read and Pietersen (2016) now in South Africa's second most important grapefruit cultivar, BMarsh^, and contributes to the current knowledge of CTV diversity within grapefruit cultivars in this country. Populations always showed a dominant component (genotype specific reads being greater than 50% of the total CTV mapped reads) with between two to six minor components. In most cases, populations were dominant for RB or Kpg3/SP/T3-like sequences. This supports the previous results of Read and Pietersen (2016) who showed that the distribution of strains within BStar Ruby^, as well as a number of other grapefruit cultivars, was often highly heterogeneous, both in South Africa and Argentina (Read et al. 2017) . Harper et al. (2015) showed that CTV populations tended to reach equilibrium at the same point within clones of plants, regardless of the viral titre in the original inoculum. The observed heterogeneity among CTV populations on grapefruit could however represent a lack of equilibrium of strains within populations (Harper et al. 2015) , but requires further study.
RB components were observed in all CTV populations isolated from BStar Ruby^grapefruit trees in South Africa (Read and Pietersen 2016) . This genotype was also the most prevalent among populations analysed in this study, being undetected in only two populations. Reads mapping to RB-associated reference sequences were also found in the highest percentages, relative to other components, among the most recently planted trees (1998 in this study). This was a trend observed in the previous studies as well. Read and Pietersen (2016) suggest that the dominance of RB components among CTV populations isolated from the most recently planted BStar Ruby^trees within their study, could be the result of pre-immunisation with GFMS12 and that cross-protection breakdown could be occurring due to gradual increase in Kpg3/SP/T3-like components, possibly introduced by vector transmission. Since many of the same trends were observed for populations associated with BMarsh^grapefruit trees, breakdown of crossprotection for this cultivar could be occurring through similar mechanisms. The improvement of grapefruit cross-protection lies in the determination of which strains have an affinity for particular cultivars, growing under certain climatic conditions, and targeting components of those populations known to cause a breakdown of cross-protection. This study has shown the dynamics of CTV populations associated with pre-immunised BMarsh^grapefruit in South Africa. This has provided indications to which components are involved in cross-protection breakdown and which strains should be focussed on for improving mild-strain cross-protecting sources. Differentiation of single aphid cultured sub-isolates of two South African Citrus tristeza virus isolates from grapefruit by single-strand conformation polymorphism. In: proc 15 th . IOCV, Riverside, California: IOCV. 
